An agro-meteorological database coupled with crop models (MeteoCrop DB) has been developed for studying the impacts of climate change on rice (Oryza sativa L.) in Japan (http://MeteoCrop.dc.affrc.go.jp). MeteoCrop DB consists of daily meteorological data at the Automated Meteorological Data Acquisition System (AMeDAS) stations (about 850 sites across Japan) from 1980 to 2011 and those at the about 160 surface meteorological observatories from 1961 to 2011. These stations cover the whole of Japan and are the main components of the meteorological observation network of the Japan Meteorological Agency. The daily meteorological information in the database consists of both general meteorological elements (air temperature, wind speed, precipitation, sunshine duration etc.) and agro-meteorological elements (solar radiation, humidity, downward longwave radiation, potential evaporation etc.). Since the latter elements are critical for studying rice production but are not measured at the AMeDAS stations, they are estimated for each AMeDAS location from the observed sunshine duration and the observed elements at the neighboring surface meteorological observatory. The models of micro-meteorology in crop canopy and rice growth are run in combination with the agro-meteorological information to estimate the daily mean water temperature in a rice paddy during the growth period, the diurnal change in rice panicle temperature during the flowering period, and phenological stages of the rice plants.
Introduction
Rice productivity and quality in Japan will be strongly influenced by global warming and climate variability in the near future (Nakagawa et al., 2003; Hasegawa et al., 2009) . In order to predict the impacts of the climatic changes on rice production, we must be able to account for the effects of current climate change and variability on rice production. Indeed, in recent years, anomalous heat during the heading and ripening periods has often resulted in poor grain quality of rice harvested, particularly in the eastern part of Japan, owing to an increase in unripened rice grains with visible defects (Morita, 2008) . We are yet to know the physiological mechanisms of the heat-induced quality decline in rice grains or management practices to prevent it.
To account for the climatic impacts on rice production, we need more than the data routinely observed at the meteorological stations of the Japan Meteorological Agency (JMA). Microclimatic variables in rice paddies, such as water temperature and panicle temperature, are the key determinants of the climatic impacts on rice production. That is, the water temperature in the rice paddy is one of the most important factors affecting growth and yield of rice (Matsushima et al., 1964; Shimono et al., 2002 Shimono et al., , 2004 , and the rice panicle temperature during flowering time is the most important agro-meteorological factor in heat-induced spikelet sterility of rice .
In order to estimate the microclimatic variables in rice paddies, we have developed an agro-meteorological database coupled with models of canopy microclimate and crop growth known as MeteoCrop DB (Fig. 1) . With it, the temperatures of paddy water and rice panicles can be estimated for any site in Japan. This paper first describes the outline of the database (section 2) and then shows its usage (section 3) and applications (section 4).
Outline of the Database

Meteorological data in the database
MeteoCrop DB consists of daily meteorological data at the AMeDAS stations (about 850 sites across Japan) for the period from 1980 to 2011 and those at the surface meteorological observatories (about 160 sites) from 1961 to 2011. These stations cover the whole of Japan and form the main components of the meteorological observation network of the JMA. New meteorological data are added to the database monthly.
The daily meteorological data in MeteoCrop DB consist of both general meteorological elements and specific agro-meteorological elements (Table 1) . The former elements are observed routinely at the AMeDAS stations and surface meteorological observatories. The latter elements are not measured at any AMeDAS stations and are instead estimated from the observed sunshine duration at the station and the observed data at the neighboring surface meteorological observatory. The latter elements at the surface meteorological observatories are, where not observed, estimated in a similar manner but for humidity (observed) and solar radiation (observed at 67 out of the about 160 sites). Soil type at each AMeDAS station or surface meteorological observatory is also included in the database (Fig. 1) .
Some of the general meteorological elements and all the specific agro-meteorological elements are estimated for both the AMeDAS stations and surface meteorological observatories as described below.
Wind speed
Wind speed observed at either type of station depends not only on the height of anemometer above the ground but also on the local environment around the station. In the database, the observed wind speed is corrected for the height of the wind sensor to estimate the daily mean and maximum wind speeds at a height of 2.5 m above the ground in a rice paddy at the meteorological station, viz. 
where the first bracketed term […] on the right hand side is the factor for evaluating the wind speed at a height of 100 m above the ground from observed wind speed, zobs (m) is the height of observed wind speed above the ground, and z0 (m) is the aerodynamic roughness length at the corresponding meteorological station (average for all wind directions, Kondo, 1990, 1991; Kondo et al., 1991a) . The second bracketed term […] on the right hand side of Eq. (2) is the factor for evaluating the wind speed at a height of 2.5 m above the ground from that at a height of 100 m; also, zi 2.5 m, and z0i is set at 0.05 m.
Atmospheric pressure
Daily mean atmospheric pressure ps is needed to evaluate some of the agro-meteorological elements (the Table 1 . List of the daily meteorological data at the AMeDAS stations in MeteoCrop DB. 'symbol' corresponds to that in the data file (csv format) which can be downloaded from the database. Similar kinds of data at the surface meteorological observatories are also stored (not shown). Meaning of each 'code' is as follow. A: observational value (general elements) A': corrected value from the observation (general elements) A*: observational value at the neighboring surface meteorological observatory B: estimated value from the data at the neighboring surface meteorological observatory C: estimated value using meteorological data and the solar radiation Sd C*: estimated value using meteorological data and the solar radiation Sd_k A*, B, C, and C* correspond to the specific agro-meteorological elements, except for sunshine duration and atmospheric pressure. 
where ps_M is the atmospheric pressure (daily mean) observed at the neighboring surface meteorological observatory, z the altitude of the corresponding AMeDAS station, z_M the altitude of the neighboring surface meteorological observatory, g the acceleration of gravity, R the gas constant of air (g/R 0. 
where T is the daily mean air temperature at the corresponding AMeDAS station, esat(T) the saturated water vapor pressure at T, and e_M the daily mean water vapor pressure observed at the neighboring surface meteorological observatory.
Solar and downward longwave radiations
The daily amount of solar radiation Sd for the AMe-DAS stations and surface meteorological observatories is estimated by the empirical formula (Kondo et al., 1991b) , which uses the observed sunshine duration at the corresponding meteorological station. Daily mean downward longwave radiation Ld is estimated also by the empirical formula (Kondo et al., 1991b) , which uses the daily amount of solar radiation, the daily mean dew point temperature, and the daily mean air temperature at the corresponding meteorological station. Dew point temperature is evaluated from the daily mean water vapor pressure. For estimating Ld, the turbidity coefficient is assumed to be 0.1 and surface albedo to be 0.2.
Potential evaporation and FAO-56 reference crop evapotranspiration Potential evaporation
Ep is defined as the evaporation from a saturated surface, such as a newly planted paddy field with dripping wet leaves, and it can be regarded as the upper limit of evapotranspiration from a crop field (Kondo and Xu, 1997; Kondo, 1998; Xu et al., 2005) . Ep is evaluated from the daily mean meteorological data (temperature, water vapor pressure, wind speed, air pressure, and solar and downward longwave radiations) by solving the heat balance of the wet surface (Kondo and Xu, 1997; Xu et al., 2005) . Wind speed u(1m) for evaluating Ep is calculated in the same manner as u(2.5m), except with zi 1 m and z0i 0.005 m in Eq. (2).
FAO-56 reference crop evapotranspiration ET0 is also evaluated by the revised FAO Penman-Monteith equation (Allen et al., 1998; Ishigooka et al., 2008) , using the daily mean meteorological data at the meteorological station. Wind speed u(2m) for calculating ET0 is evaluated in the same manner as u(2.5m), except with zi 2 m in Eq. (2).
Paddy water temperatures
Two kinds of paddy water temperatures are stored in the database as the most important agro-meteorological elements. The former is the daily mean water temperature of a non-vegetated water surface Tw0 (leaf area index, LAI 0), and the latter is that of the very dense rice canopy Tw(inf), which corresponds to the equilibrium value of the paddy water temperature for LAI ∞. The values of Tw0 and Tw(inf) are evaluated from the daily mean meteorological data by solving the heat balance of the water surface .
Model calculation in the database
Models of crop canopy micrometeorology and rice growth are coupled with the database. By running these models with the meteorological data at any station, we can evaluate the temporal evolution of the daily mean water temperature in a rice paddy during the growth period, the diurnal change in rice panicle temperature during the flowering period, and the phenological stages (panicle initiation and heading dates) for the rice cultivar Koshihikari (Fig. 1). 
Estimation of the rice growth stage
We estimate the phenological stages of Koshihikari using the model by Nakagawa and Horie (1995) . In this model, the value of the developmental index (DVI) increases continuously with time from 0 at emergence, 1 at panicle initiation, and 2 at heading. The rate of DVI increase (DVR) depends on daily mean air temperature, photoperiod, and the phenological stage.
Estimation of the daily mean paddy water
temperature The temporal evolution of the daily mean paddy water temperature Tw can be estimated in the database. The value of Tw is evaluated from Tw0, Tw(inf), Sd, u(2.5m) , and LAI at any meteorological station using the formula by . Here, the evolution of LAI is estimated from the daily mean air temperature and Tw using the method by . In the actual calculation, both the evolutions of LAI and Tw are simultaneously calculated in the database.
Estimation of the rice panicle temperature
The diurnal change in rice panicle temperature Tp during the flowering period can be estimated at the 67 surface meteorological observatories where solar radiation is routinely observed. Values of Tp are evaluated from the hourly meteorological data by solving the heat balance of the panicle and the rice canopy (Yoshimoto et al., 2005a (Yoshimoto et al., , 2005b . The leaf temperature TL is also evaluated along with Tp.
Usage of the Database
3.1 Daily meteorological data at the meteorological stations MeteoCrop DB can be used for free on the website http://MeteoCrop.dc.affrc.go.jp (Japanese language version only, Kuwagata et al., 2009 Kuwagata et al., , 2010 . Users can easily get the daily meteorological data at any meteorological station (both the AMeDAS stations and surface meteorological observatories) by selecting the Fig. 2 . Selection of the meteorological stations to get the daily meteorological data in MeteoCrop DB, using pull down menu (left), or Google Map (right). The example for the AMeDAS station 'Shimotsuma', Ibaraki prefecture. Fig. 3 . Sample of the daily meteorological data in MeteoCrop DB (AMeDAS station, 'Shimotsuma').
T. Kuwagata et al. : Agro-meteorological database coupled with rice crop models corresponding station in Google Maps ( Fig. 2; right) or from a pull-down menu ( Fig. 2; left) . A sample of the daily meteorological data is shown in Fig. 3 . The daily meteorological data can be downloaded in either plain text or MS Excel 2003 format. Figure 4 shows the menu for estimating the temporal evolution of the daily mean paddy water temperature Tw during the growth period, and the diurnal changes in panicle and leaf temperatures (Tp and TL) in the flowering period for Koshihikari. In this menu, the user selects the meteorological station and date of transplanting to display the result. There is also the option for a constant value to be added to the observed air temperature during the growth period. Using this option, the user can simulate the effect of changing air temperature on the phenological stages of rice and the agro-meteorological elements Tw, Tp, and TL at the designated site. The examples of the evolution of Tw and the diurnal changes in Tp and TL in the heading day are shown in Fig. 5. 
Model calculation in the database
Application of the Database
4.1 The evolution of the daily mean paddy water temperature during the growth period Figure 6 (a) shows the evolution of the daily mean air and paddy water temperatures (Ta and Tw) during the growth period observed in the commercial rice paddy field Kuwagata, 2008, 2010) . Estimated evolution of Ta and Tw in MeteoCrop DB is fairly consistent with the observation (Fig. 6(b) ). The dates of panicle initiation and heading can be also estimated in the database.
In general, Tw is higher than Ta in the early growth stage but becomes nearly equal to or less than Ta after heading. The estimation in MeteoCrop DB can simulate such features. 4.2 The diurnal changes in air and rice panicle temperatures during the flowering period Figure 7 shows the diurnal changes in air and rice panicle temperatures (Ta and Tp) observed in a rice paddy field during the flowering period. Here, the paddy field in Tsukuba corresponds to the experimental paddy at the National Institute for Agro-environmental Sciences, and that in Shizukuishi corresponds to the experimental field for the rice FACE (free-air CO2 enrichment) experiment (Yoshimoto et al., 2005a) .
In the Tsukuba field, the estimated Ta observation ( Fig. 7(a) ). Meteorological data (including air temperature) at the nearest surface meteorological observatory 'Tsukuba' are used for the evaluation in the database. Tp is 2-3 higher than Ta from the morning toward noon. On the other hand, in Shizukuishi, the consistency between estimation (MeteoCrop DB) and observation deteriorates at night (Fig. 7(b) ), when somewhat larger differences between the observed and estimated temperatures (Ta and Tp) are found. The meteorological data at the surface meteorological observatory 'Morioka' are used for Ta to estimate Tp in MeteoCrop DB in this case. It should be noted that Morioka is located about 20 km to the east of the site in Shizukuishi; also, Ta in Morioka was somewhat higher than that in Shizukuishi during the night, resulting in the overestimation of Tp. 4.3 The rice panicle temperatures around the flowering time As shown in Fig. 7 , the rice panicle temperature Tp could occasionally deviate from the air temperature Ta. The difference between the temperatures depends on several meteorological conditions, such as solar radiation, humidity, and wind speed. Tp becomes higher than Ta with the condition of strong solar radiation during fine weather, whereas strong wind and low humidity suppress Tp. Figure 8 shows the variation of Tp during flowering time (averaged from 10:00 to 12:00 Japan standard time (JST) ) in summer, which is estimated in MeteoCrop DB, at the three sites in central Japan. The daily maximum temperature Tmax and daily mean relative humidity Rh are also shown in Fig. 8 . The estimated Tp during flowering time was always lower than Tmax, which is mainly due to the fact that the air temperature during the flowering time (10:00 to 12:00 JST) is lower than Tmax. It should be also noted that Tp in Tsukuba was at the same level as that in Nagoya and Maebashi in spite of lower Tmax. In Tsukuba, Tp tended to be higher in the daytime, owing to a higher Rh condition than Nagoya and Maebashi.
Conclusions
MeteoCrop DB has been developed for studying the impacts of climate change on rice in Japan. The meteorological data and the model estimation in MeteoCrop DB will facilitate the analysis of the effects of current climate change and variability on rice production. MeteoCrop DB should thereby contribute to the risk assessment for future rice production and developing new technologies (breeding, soil and crop management) to adapt to the changes in climate (Fig. 1) .
The MeteoCrop DB website is currently available in Japanese only but will have English pages as well in the near future. 
